The painting materials and drawing techniques of a pair of two-panel folding screens entitled Red and White Plum Blossoms by Ogata Korin, national treasure in Japan, were investigated directly and non-destructively by XRF, X-ray radiography, and high resolution digital imaging. Several assumptions were made about the materials used in the red and white plum trees drawn on the right and left screen respectively, and the river drawn at the center. By the present investigation, the materials used for the paintings were revealed, and some of them contradicted what have been previously believed.
INTRODUCTION
The overriding principle inherent in any material investigation of a work of art is "non-destructive, no-contact analysis." In many cases, it is not feasible to take samples from the objects for analysis and measurement and, in not a few cases, it is impossible even to move or make any contact with these works. This "non-destructive, no-contact" restriction narrows down the number of investigative options available, leaving researchers to resort to methods which utilize radioactive and infrared rays. Among the analytical methods widely used thus far in the investigation of artwork, are X-ray fluorescence spectrometry (XRF) and X-ray radiography [1, 2] . In recent years, compact portable devices featuring each of these two techniques have been developed, making it possible to carry out on-site investigation inside a museum, without having to move the objects themselves [3, 4] . This report describes the findings of an investigation into materials used in Red and White Plum Blossoms (national treasure) by Ogata Korin (1658-1716), which is among the most well-known paintings in Japan. So far, various assumptions have been made concerning its materials and techniques, but a scientific approach had never been incorporated into its investigation. What follow are the results of this material investigation, utilizing techniques such as XRF, X-ray radiography, fluorescence imaging, and infrared imaging.
RED AND WHITE PLUM BLOSSOMS
A property of the MOA Museum of Art, Shizuoka, Japan, Red and White Plum Blossoms (Figure 1 ) is a pair of two-panel folding screens measuring 156.0 × 172.2 cm created by Ogata Korin, reportedly in his later days. With its highly impressive composition-portraying a white plum tree arranged on the left screen, a red plum on the right, and the patterned design of a flowing river at center against a gold background-this is one of the representative paintings in Japan.
Several assumptions were made about the materials used in the river at the center. Since its background is a color which verges on black and square lattice patterns are visible throughout, some have assumed that this portion was turned black from having silver leaves react with sulfur. Others insisted that it was not originally black, but rather blue, which simply turned black as the blue pigment (azurite) peeled off. One of the objectives of this investigation was to identify the materials used in this area, but our findings support neither of these two conventional theories. It was also widely held that gold leaf was used for the background of both screens because of the regular square lattice pattern seen throughout the painting. No one had raised any objection to this thus far, but our findings led us to doubt even the existence of golf leaf in this work. 
METHODOLOGY

XRF
A portable X-ray fluorescence spectrometer (SEA200, Seiko Instruments Inc.) was brought into the museum for the investigation (Figure 2 ). Weighing 5 kg, the X-ray spectrometer and the power supply unit are connected by a 10 m-long high-voltage power supply cable. X-rays are generated through an X-ray tube (Rh target), and the tube voltage and tube current can be set up to 50 kV and 100 µA, respectively. For detection, a Si-PIN detector was used. A CCD camera installed at the tip of the spectrometer records visual images of the points where X-rays are irradiated. Using X-ray beams whose diameter was collimated at 2 mm, the measurements were taken at 138 points throughout the two screens (100 seconds per point).
X-ray radiography
An X-ray generator and apparatus was brought into the museum. Radiography was conducted for 30 kV × 3 mA × 1 min, and an imaging plate was used for image recording. Compared to film-based X-ray radiography, this technique can achieve much higher resolution, capable of recording even the slightest difference in thickness of gold leaf and silver leaf. The screens were divided into 48 sections, from each of which X-ray radiography was taken using an imaging plate of 35 × 43 cm.
High resolution digital imaging
A high resolution digital camera was used to take color, fluorescence, and infrared imaging. For color imaging, the screens were divided into 77 sections, each of which was shot at a picture quality of 14 bits or higher. After shooting, all the images were then synthesized. The picture element number totaled to 1.3 × 10 9 , and data capacity reached 3.5 GB. If the images are enlarged on a personal computer display at this high resolution, each fiber of the paper becomes clearly visible. Fluorescence imaging was taken to detect organic substances: light of a certain visible wavelength was irradiated in order to record the fluorescence unique to each substance. For this investigation, excited light of 460 nm was irradiated, and fluorescence between 530 and 640 nm was recorded as images. For infrared imaging, data within a wavelength range of 840 nm or over was recorded.
RESULTS AND DISCUSSION
"Gold" background
Because of the squares that are arranged in an almost regular fashion both vertically and horizontally over the gold background, it was naturally assumed that it was gold leaves overlapping with each other, leading to the conclusion that the gold background was indeed plated with gold.
If so, it must be the case that there are two layers of gold leaf at the overlapping sections, and therefore the XRF should produce a much higher X-ray intensity at these sections. As an example, the spectrum obtained from a gold-colored and an overlapping section in the left screen is shown in Figure 3 . Also shown in Figure 3 are measurements of Au intensity from one, two, and three layers of gold leaf of 0.1 µm thickness (the thinnest gold leaf currently available, Au: 98.9%, Ag: 0.5%, Cu: 0.6%) taken under the same conditions. From one layer of gold leaf, 7.5 cps, from two layers, 18 cps, and from three layers, 24 cps of Au intensity was obtained, indicating that the increase in Au intensity is nearly proportional to the thickness.
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Gold Leaf (0.1µ ) 1 sheet 2 sheets 3 sheets Overlapping section (Left screen) Gold-colored section (Left screen) Figure 4 shows plotted Au intensity on the gold background of the left and right screens. Au intensity obtained from different parts of the work varied greatly. On the left screen, it was 0.2 to 13.0 cps on the gold-colored section and 0 to 12.9 cps on the overlapping section, showing that there was no significant difference between them. On the right screen however, there was a slight difference in Au intensity between different sections, but even the greatest intensity of Au detected was only equivalent to what would have been detected from a gold leaf thinner than that which is currently available. Figure 5 shows X-ray images of overlapped 0.1 µm thick gold leaves taken under the same conditions as those in this investigation. The figure shows that the overlapping of leaves is clearly recognizable. However, X-ray images of the gold background of the screens showed hardly any indications of overlapping gold leaf on the gold background (Figures 6 and 7) . Fluorescence images showed that an intense fluorescence was observed from the gold background, evidence that a large quantity of organic dyes was in existence throughout (Figure 8 ). Such a high fluorescent reaction cannot be obtained even if gold leaves were present and the organic substances were layered on top of them.
From these data, it was found that no gold leaves were used in creating the gold background, and that the work was painted with a slight amount of gold and a large quantity of organic dyes.
Flowing river at the center
As in the gold background, squares here are arranged in an almost regular fashion both vertically and horizontally at the section where gold-colored patterns of running water are laid over the black background at the center of the screens.
However, as Figure 7 clearly shows, X-ray photography captured no images-vertical or horizontal lines, or the gold-colored water patterns-in the river section. For both the left and right screens, measurements were taken by XRF at several points on the black background and gold-colored water patterns, but Au, Ag, Cu, or other metallic elements were not detected at all. All that could be detected was a tiny amount of Ca and Fe. These two elements were also found in other sections, leading us to believe they did not derive from the coloring materials themselves, but from the surface or under-layer of paper. Fluorescence imaging (Figure 8) shows that an intense fluorescence was observed from the flowing water section, indicating the existence of organic dyes. Since they were recorded in a different color from that used for the fluorescence obtained from the gold background, they are thus different from those dyes.
In the past, some believed that silver leaves, azurite, or other pigments were used, but the findings of this investigation support none of these. Instead, it was found that the black background, as well as the seemingly gold water pattern, was painted only with organic dyes.
Plum trees and blossoms
Copper was detected as a major element from the areas of the plum trees with black color by XRF. From the areas of the mosses with green color, copper, small amounts of zinc, and arsenic were detected. Malachite (CuCO 3 ·Cu(OH) 2 ) would be the expected green pigment made up largely of copper, but it is unusual to find the consistent presence of zinc and arsenic in this pigment.
Mercury and calcium were detected as major elements from the red plum blossoms and white plum blossoms, respectively by XRF. They would most likely be cinnabar (HgS) and calcite (CaCO 3 ). From the buds with dark red color, distinctive elements could not be detected by XRF. X-ray radiography captured no images of buds, thus they were drawn by only organic dyes.
